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Edited by Ivan SadowskiAbstract Neurexins are highly polymorphic cell-surface adhe-
sive molecules in neurons. In cultured mammalian cell system,
they were found to be involved in synaptogenesis. Here, we report
for the ﬁrst time that Drosophila neurexin is required for synapse
formation and associative learning in larvae. Drosophila genome
encodes a single functional neurexin (CG7050; Neurexin-1 or
Nrx-1), which is a homolog of vertebrate a-neurexin. Neur-
exin-1 is expressed in central nervous system and highly enriched
in synaptic regions of the ventral ganglion and brain. Neurexin-1
null mutants are viable and fertile, but have shortened lifespan.
The synapse number is decreased in central nervous system in
Neurexin-1 null mutants. In addition, Neurexin-1 null mutants
exhibit associative learning defect in larvae.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Synaptic adhesive molecules play important roles in syna-
ptogenesis and neurotransmission, as well as in learning and
memory. Neurexins are highly polymorphic cell adhesion mol-
ecules that are localized in pre-synaptic terminus [1]. In mam-
mals, neurexins are encoded by three genes, each of which
carries independent promoters for the long a-neurexin and
shorter b-neurexin [2]. In addition, the messenger RNAs en-
coded by each gene can be processed in diﬀerent ways, result-
ing in thousands of distinct protein forms [3]. Diﬀerent a and
b-neurexin proteins bind through their extracellular domains
to diﬀerentially spliced neuroligins [4,5], a family of trans-
membrane ligands found in the post-synaptic membrane.
Binding of the neuroligin and neurexin complex can trigger
pre-synaptic specializations [6]. The a-neurexins triple knock-
out mice indicate that a-neurexins are not essential for synapse
formation, but are essential for Ca2+-triggered neurotransmit-
ter release [7].
Despite much work at the cellular, molecular, developmental
and physiological levels, the functional signiﬁcance of neurexinAbbreviations: VNC, ventral nerve cord; AM, amylacetate; OCT,
1-octanol
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well understood. In human, mutations in the genes encoding
neuroligin-3 and 4 have been linked to cases of autism and
mental retardation [8,9]. Similarly, mutations of the b-neur-
exin-1 gene may contribute to autism susceptibility [10].
Here, we identiﬁed and characterized the Drosophila homo-
log of the vertebrate a-neurexins, Neurexin-1 (Nrx-1). Using
anti-neurexin-1 antiserum, we found that Neurexin-1 is ex-
pressed in central nervous system, and enriched to a high degree
in synaptic regions of the ventral ganglion and brain in Dro-
sophila.Neurexin-1 null mutants are viable and fertile, but have
reduced lifespan. Neurexin-1 null mutants have normal expres-
sion of some synaptic proteins except for Brp in larval brain,
and the synapse number is decreased in central nervous system
in Neurexin-1 null mutants. In addition, Neurexin-1 null mu-
tants exhibit associative learning defect in larvae.2. Materials and methods
2.1. Generating the Neurexin-1 transgene
The LP14275 cDNA (GenBank Accession Numbers BT023898)
encoding full-length Neurexin-1 was obtained from the Drosophila
Genomics Resource Center at Indiana University (Bloomington,
IN). The fragment was digested with EcoRI and ScaI and ligated into
pUAST at EcoRI and blunted XhoI sites. The puriﬁed plasmid was in-
jected for transformation using standard techniques. Nine transgenic
lines expressing full-length Neurexin-1 were created and tested for
expression.2.2. Fly strains and genetics
The XP strain P{XP}Nrx-1d08766 (P{XP}Nrx-1) was obtained from
Bloomington stock center. The insertion site of P-element was conﬁrmed
by plasmid rescue method: the transposon was inserted 198 bp upstream
of the translation initiation codon of theNeurexin-1 gene (CG7050). The
P-elementwasmobilized usingD2–3 as a transposase source according to
standard procedures. Three hundreds and thirty independent white
revertant lines were analyzed by PCR using genomic primers. Four
imprecise excision lines called Nrx-1D80 (3806 bp deletion from aaaacg-
gattgccgagtaac to taggggtgggagaaagtcaa), Nrx-1D83 (4066 bp deletion
from tgccgagtaacaccaacac to tatctcccatttctcatgac), Nrx-1D174 (1369 bp
deletion from aaaacggattgccgagtaac to gagaaggagaaggcgccatc) and
Nrx-1D188 (2132 bp deletion from agcactgcggctgagatata to gaagccat-
catgccatgtgc) were recovered. With PCR ampliﬁcation and sequence
analysis of theNeurexin-1 genomic region, we found that the deletion re-
moves the start codon and (or) part of the sequence encoding the ﬁrst
trans-membrane domain and extracellular fragment of Neurexin-1
(Fig. 1A). The following three lines were obtained from the Bloomington
Drosophila stock center: Elav-Gal4, 201Y-Gal4 and Deﬁciency line
Df(3R)Exel6191, which contains a deleted segment between 94A9 and
94B2. The genotypes of the rescue ﬂies were Elav-Gal4/+; UAS-Nrx-1/
+; Nrx-1D83 and 201Y-Gal4/UAS-Nrx-1/+; Nrx-1D83. Wild-type ﬂies
w1118, which are isogenic for chromosomes 1, 2 and 3, were tested forblished by Elsevier B.V. All rights reserved.
Fig. 1. Gene, protein structure and mutant generation of Neurexin-1 and Neurexin-1 null mutants have reduced lifespan. (A) Predicted intron–exon
splicing pattern of Neurexin-1 gene compiled from the comparison of genomic and cDNA sequences. The P-element is located at 198 bp upstream of
the translation initiation codon of Neurexin-1 (positions according to Drosophila genome sequence release 3.0). The deﬁciencies of the four revertant
lines (Nrx-1D80, Nrx-1D83, Nrx-1D174 and Nrx-1D188) and a deﬁciency line Df(3R)Exel6191 containing a deleted segment between 94A9 and 94B2 are
indicated with dotted lines, (B) A 200 KD band can be detected in w1118 controls and to a less degree in hypomorphic mutants P{XP}Nrx-1 , but
the band is absent from protein extracts from Nrx-1D83 and Nrx-1D174. Anti-Syntaxin (Syx) antibodies are used as a loading control. (C) Domain
structure of vertebrate a-neurexins, b-neurexins and Drosophila Neurexin-1. (D) Neurexin-1 null mutants Nrx-1D83, as compared with w1118 and
rescued ﬂies (Elav-Gal4/+; UAS-Nrx-1/+; Nrx-1D83). Statistical comparison (log-rank test): w1118 vs. Nrx-1D83, P < 0.0001; Elav rescue vs. Nrx-1D83,
P < 0.0001; w1118 vs. Elav rescue, P = 0.5434.
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ﬁve generations to get equal genetic background. All stocks were reared
at 25 C.
2.3. Longevity assays
Flies were maintained at 25 C on standard cornmeal/agar medium.
200 newborn males of each genotype were divided into 10 vials. The
tested ﬂies were transferred to fresh food and scored for survivors
every 3–4 days. Log-rank test was used to compare survival curves
among groups.
2.4. Generation of antibody
The animal experiment was carried out in accordance with NIH
guidelines. A Drosophila Neurexin-1 cDNA fragment comprising amino
acid residues 1534–1690 was ampliﬁed using the primers (50-CTA-
GAATTCAGCACTCCGTCCTACGCAAC-30 and 5 0-TATCTCGA-
GACGCTCCTCCTCGATCGAGT-3 0). ThePCRproductwas digested
with EcoRI andXhoI and inserted in-frame into the pET-28a(+) (Nova-
gen) and pGEX-4T-1 (AmershamBiosciences). The plasmids were intro-
duced into Escherichia coli BL21 (DE3) pLysS for protein production
separately. The puriﬁed 6 ·His-Neurexin-1 (1534–1690) protein was
used for antiserum production inNewZealandWhite rabbits using stan-
dard protocols. Antibody raised against 6 ·His-Neurexin-1 (1534–1690)
from serumwas aﬃnity puriﬁed on aGST-Neurexin-1 (1534–1690)-cou-
pled CNBr column.
2.5. In situ hybridization and immunostaining
The sequence encoding the ﬁrst 200 amino acid of Neurexin-1 was
ampliﬁed and cloned into pBluescript SKII () (Stratagene). Digoxi-genin-labeled sense and antisense RNA probes were generated
in vitro with a DIG labeling kit (Roche Applied Science) using linear-
ized pBluescript SKII ()-Nrx-1 (1–200) as templates. Whole mount
in situ hybridization was performed according to the standard proce-
dures.
For immunoﬂuorescence staining, we used secondary antibodies
conjugated to TRITC or FITC (Jackson ImmunoResearch) at a dilu-
tion of 1:300. The primary antibodies were used at the following
dilutions: puriﬁed rabbit antiserum against Neurexin-1 1:20; Mouse
anti-Syntaxin 8C3 1:50 (DSHB); Mouse anti-Synaptotagmin 1:10
(DSHB); anti-CSP 6D6 1:10 (DSHB); anti-Brp nc82 1:25 (DSHB).
Confocal analysis was performed on a Zeiss confocal station and
imaged with the LSM510 software (Zeiss). Images were compiled using
Adobe Photoshop 7.0.
2.6. Western blot
For Western blot, dilutions for the primary antibodies used are:
puriﬁed rabbit antiserum against Neurexin-1 1:500; Mouse anti-Syn-
taxin 8C3 1:1000 (DSHB); anti-Synapsin 3C11 1:1000 (DSHB); anti-
CSP 6D6 1:1000 (DSHB); anti-Brp nc82 1:500 (DSHB); anti a-tubulin
DM1A 1:10000 (Sigma); anti-rabbit or anti-mouse antibodies conju-
gated with HRP 1:5000. Visualization was achieved with an enhanced
chemiluminescence detection system (PIERCE) according to the man-
ufacturer’s speciﬁcations.
2.7. Electron microscopy
Experimenters were blind with respect to genotypes, and methods
for EM of calyx of adult head were performed according to the method
of Meinertzhagen [12] and Yusuyama et al. [11]. In brief, adult Dro-
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logical Ringer’s solution (160 mM NaCl, 3 mM MgCl, 12 mM
HEPES) and then ﬁxed 4 h at 4 C in 4% glutaraldehyde, 2 mM CaCl2
and 4 mM MgCl2 in 0.1 M cacodylic buﬀer. The heads then were
washed four times with 0.1 M cacodylic buﬀer, and then post-ﬁxed
for 1.5 h with a 1% osmium tetroxide made in wash buﬀer. After the
post-ﬁxation, the heads were rinsed three times for 30 min at room
temperature with wash buﬀer, dehydrated in a graded ethanol series
(50–100%), substituted with propylene oxide, and embedding in Epon
for 48 h. Thick sections of 1 lm were cut and stained with 1% toluidine
blue in 1% sodium borate to locate the calyx of mushroom body. Thin
sections of 80 nm were cut and placed on single slot, Formvar-coated
grids. The thin sections were stained with 2% uranyl acetate and 1%
lead citrate. A single thin section of the calyx was randomly selected
from each hemisphere of three individual ﬂies for every line. Electron
micrographs of the central area of the calyx were obtained with a
transmission electron microscope. The numbers of synapse were
counted on the electron micrographs at a ﬁnal magniﬁcation of 40000.
2.8. Olfactory learning in larvae
Experimenters were blind with respect to genotype. Larvae learning
experiments were performed according to the method of Scherer et al.
[13] and Michels et al. [14]. Brieﬂy, groups of eight larvae were trained
and compared olfactory choice performance after either of the two re-
ciprocal training regimes: For one regime, a positive reinforcer fructose
(2 mol, purity: 99%, Sigma) was associated with amylacetate (AM)
(1:50 in paraﬃn oil, purity: 99%, Sigma) but not 1-octanol (OCT) (pur-
ity: 99%, Sigma) (AM+/OCT); for the second regime, the association
was reversed (AM/OCT+). Both regimes were repeated three times
with a 1 min break in between. Then, they were tested for their choice
between AM versus OCT individually. The position of the individual
larvae during the test was noted every 20 s for 3 min as ‘‘AM’’,
‘‘OCT’’, or ‘‘neutral’’ (a 7-mm-wide zone in the middle of the assay
plate). To calculate the odor preferences PREFAM+/OCT and PRE-
FAM/OCT+ for each animal, we determined the number of times a given
animal was observed on the AM during the test minus the number of
times that animal was observed on the OCT side, divided by the total
number of observations. For calculating the LI, we took the pairs of
individuals from either of the two training conditions and calculated
with the equation LI = (PREFAM+/OCT  PREFAM/OCT+)/2. To test
the ability to detect FRU, split petri dishes with one side pure agarose
and the other with FRU added to the agarose were prepared. To test
the ability of larvae to detect the odorants used, we took experimen-
tally naive animals and gave them the choice between either paraﬃn-
diluted AM versus paraﬃn, or between undiluted OCT versus an
empty container. Calculation of the PREF values and data analysis
follows the procedure for the odor choice test.
The two sham training tests were performed according to the meth-
od of Michels et al. [14]: The ﬁrst tests for genotype-diﬀerences with
respect to the eﬀects of odor exposure: it consists of the same treatment
as in the individual-animal learning assay, except that the reinforcer
was omitted. The second tests for diﬀerences in terms of fructose expo-
sure: it also consists of the same treatment as in the learning assay, but
omits the odors. The tests for odor detection after either kind of sham
training involved choices either between paraﬃn-diluted AM versus
paraﬃn, or between undiluted OCT versus an empty container.
All statistical analyses were done with the SPSS 13.0 software pack-
age (SPSS Inc., Chicago, USA). Multiple comparisons were analyzed
by using nonparametric Kruskal–Wallis test, and between-group com-
parisons with w1118 were made with nonparametric Mann–Whitney U-
test. Signiﬁcance level P < 0.05.3. Results and discussion
3.1. Characterization of the Drosophila Neurexin-1 gene
In the Berkeley Drosophila Genome Project sequence data-
base, we identiﬁed several expressed sequence tags (ESTs)
and a full insert cDNA (LP14275) encoding a protein of
1837 amino acids with homology to the vertebrate a-neurexins
(26 % amino acid identity with the rat a-neurexin 1) (Supple-
mentary Fig. 1). The structure of Drosophila Neurexin-1 ishomologous to vertebrate a-neurexins, which also have six
LamininA/Neurexin/sex hormone-binding protein domains
and three interspersed epithelium growth factor like sequences
(Fig. 1C).
Vertebrate neurexins are diversiﬁed by extensive alternative
splicing resulting in up to 1000 variants [3]. We wondered
whether there might be other neurexin-related genes or diﬀer-
ent transcripts in Drosophila. Analysis of the available ESTs
and Homology searches of the Drosophila genomic sequence
database failed to reveal any additional neurexin-related genes
and transcripts, and we failed to ﬁnd any conserved alternative
splicing sites in Neurexin-1 as same as in vertebrate a-neurex-
ins. Western blot detected only one band using a puriﬁed anti-
serum recognizing the epitope of Neurexin-1 amino acid
residues 1534–1690 (Fig. 1B). In addition, Western blot with
four diﬀerent monoclonal antibodies against Neurexin-1
(unpublished data) detected only one band. So, unlike poly-
morphism of the vertebrate neurexins, there is only one neur-
exin gene (Neurexin-1) and one transcript in Drosophila; at the
same time, there is no b-neurexin like neurexin in Drosophila.
Previously identiﬁed Drosophila neurexin IV [15], whose
human homolog is CASPR, is distantly homologous to verte-
brate neurexins, because it has diﬀerent domain structure and
is not expressed in neurons but instead is localized to the
septate junctions of glia, epithelia, and ectodermally derived
cells [15].3.2. Neurexin-1 null mutants are viable and fertile, but have
reduced lifespan
In vertebrate, a-neurexin triple knock-out mice died on the
ﬁrst day, most double knock-out mice perished within the ﬁrst
week, and even single neurexin 3a knock-out mice exhibited
impaired survival [7]. All four Neurexin-1 null mutants,
Nrx-1D83/Df(3R)Exel6191 and Nrx-1D174/Df(3R)Exel6191
trans-heterozygous null mutants are viable and fertile, with
no obvious developmental defects. However, Nrx-1D83
mutants were short lived. At 37 days, only 32.5% of
Nrx-1D83 mutants were alive, compared with 82.5% of wild-
type and 79% of rescue ﬂies (Elav-Gal4/+;UAS-Nrx-1/+;
Nrx-1D83) (Fig. 1D). Statistical comparison (log-rank test):
w1118 vs. Nrx-1D83, P < 0.0001; Elav rescue vs. Nrx-1D83,
P < 0.0001; w1118 vs. Elav-Gal4 rescue, P = 0.5434.3.3. Neurexin-1 mRNA is highly enriched in embryonic central
nervous system
In mouse, mRNAs of the major neurexin isoforms (a and b)
were found throughout the central nervous system [16]. We de-
tected a widespread expression of Neurexin-1 mRNA during
early embryogenesis (Fig. 2B and C). As the embryos develop,
theNeurexin-1 mRNA is enriched in brain and ventral nerve
cord (VNC) (Fig. 2D–L). Although it is diﬃcult to determine
if all neurons in the CNS express Neurexin-1 mRNA, many
neurons in VNC and brain are stained. We conclude that
Neurexin-1 mRNA is a neuronal-speciﬁc marker, which is ex-
pressed in many, if not all, CNS neurons. Expression of Neur-
exin-1 protein from embryo to adult is examined below.
3.4. Neurexin-1 is concentrated in the synaptic neuropil region
Using the puriﬁed antiserum, which recognizes epitopes
from within the 1534–1690 residues not deleted in Nrx-1D83
and Nrx-1D174 mutants, no residual full-length or truncated
Fig. 2. Spatial distribution of Neurexin-1 transcript in embryos and the ﬁrst instar larva as revealed by RNA in situ hybridization. Embryos and the
ﬁrst instar larvae are oriented with anterior to the left. (A) Lateral view of negative control showing no staining detected with sense probe. (B, C)
Lateral view of early stage embryo showing widespread expression of Neurexin-1 mRNA. (D, E) Lateral view of stage 9 and 11 embryos showing
staining in the developing brain and VNC. (F–I) Lateral view of stage 14, 15 and 17 embryos and the ﬁrst instar larva showing expression in the brain
(br) and VNC. (J) Dorsal view of a stage 16 embryo showing expression in brain. (K, L) Ventral view of a stage 16 embryo and the ﬁrst instar larva
showing expression in the brain and VNC.
Fig. 3. Localization of Neurexin-1 protein in the nervous system. (A) Neurexin-1 is concentrated at the brain (br) and VNC in lateral viewed stage 17
embryo. (B) Dorsal view of the ﬁrst instar larva stained with anti-Nrx-1 antiserum. (C–H) Ventral View of the VNC of stage 17 and 16 wild-type
embryos stained with anti-Nrx-1 (C, F), anti-Syntaxin (D), anti-synaptotagmin (G) antibodies, and the merge (E, H). (I–Q) Confocal images of the
brain of the w1118 (I–K) and mutant third instar larva (L–Q) stained with anti-Nrx-1 (I, L, O) antiserum, anti-Syntaxin antibody (J, M, P) and the
merge (K, N, Q). (R–U) Neurexin-1 Staining was decreased in P{XP}Nrx-1 (S) comparing to w1118 (R) and Elav-Gal4 rescue larva brain (T),
Neurexin-1 is expressed in mushroom body (MB) in 201Y rescue larva (U). (V, W) Whole mount adult head immunostaining show that Neurexin-1 is
concentrated in medulla (M), lobula (L), lobula plate (LP), mushroombody (MB) and antennal lobe (AL). Neurexin co-localizes with syntaxin in
adult brain (V), in this confocal plane, only the mushroom body and antennal lobes are shown. Scale bars: 50 lm.
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1D174 mutants (Fig. 1B). In contrast, a 200 KD band can be
detected in w1118 controls and to a less degree in P{XP}Nrx-1
(Fig. 1B). No signal is seen in extract from Nrx-1D83 and Nrx-
1D174 mutants, thus conﬁrming the speciﬁcity of the antibody.
Using this antiserum, immunoﬂuorescence stainings were per-
formed on Drosophila embryo, larval brain and adult brain
(Fig. 3). Neurexin-1 expression in the nervous system is main-
tained throughout development into adulthood. Within the
embryonic VNC, strong staining is accumulated along the lon-
gitudinal tracts of the VNC and brain (Fig. 3A–C and F).
Weak staining is also seen in the commissures of VNC
(Fig. 3C and F). In the adult brain, it is expressed at high levels
within the medulla, lobula, lobula plate, mushroom body and
antenal lobe (Fig. 3V and W).
Neurexin-1 co-localizes with synaptic protein syntaxin and
synaptotagmin along the ventral longitudinal tracts where syn-
apses are concentrated in embryo (Fig. 3C–H), and Neurexin-1
has the same expression pattern as the synaptic protein syn-
taxin that is concentrated in synaptic regions of the brain lobes
and the ventral ganglion in w1118 larval brain (Fig. 3I–K). In
addition, Neurexin-1 also co-localizes with syntaxin in adult
head (Fig. 3V). As expected, staining was totally abolished in
larval brain from the loss of function mutant Nrx-1D83 and
Nrx-1D174 (Fig. 3L and O), and staining was decreased inFig. 4. The expression of Brp is decreased in Neurexin-1 mutant larval brain
Nrx-1n174 larval brains were immunostained with antibodies against synap
against a-tubulin (DM1A) as a loading control. No diﬀerence in synaptic pr
third instar larval brains of w1118, Nrx-1D83 and Nrx-1D174 stained with anti-
Nrx-1D174 is decreased compared to w1118. (C) Quantitative analysis the expre
is decreased in Nrx-1D83 (n = 10) and Nrx-1D174 (n = 12) compared to w1118 (n
brains of mutants and w1118 were stained in the same tube and images were a
identify the mutants and w1118.P{XP}Nrx-1 (Fig. 3S) compared to w1118 (Fig. 3R) and
Elav-Gal4 rescue larva brain (Fig. 3T).
3.5. The expression of Brp is decreased in Neurexin-1 null
mutant larval brain
To clarify the function of Neurexin-1 in synapse formation,
the expression of some synaptic proteins were detected in
Neurexin-1 mutants. We found that Neurexin-1 mutants larval
brain have normal expression of vesicle associated protein Syn-
taxin, Synapsin and CSP, as compared to w1118 (Fig. 4A);
However, as compared to w1118, the expression of Brp is de-
creased in Neurexin-1 mutants Nrx-1D83 and Nrx-1D174
(Fig. 4A). Immunoﬂuorescence analysis further indicated that
expression level and pattern of the vesicle associated protein
Syntaxin, Synapsin, CSP in Nrx-1D83 and Nrx-1D174 is the same
as w1118 in larval brain (data not show); however, the expres-
sion level of Brp is decreased. Brp (Fig. 4B and C), a CAST
(CD3E-associated protein) homolog localized to the pre-syn-
aptic specialization [17], was used as a synaptic marker to
count the number of synapse in Drosophila [18].
3.6. Neurexin-1 is required for synapse formation in central
nervous system in Drosophila
Based on the decreased expression of Brp in Neurexin-1 mu-
tants’ larval brain, we deduced that Neurexin-1 may disrupt. (A) SDS–PAGE separated protein extracts from w1118, Nrx-1n83 and
tic protein Syntaxin (Syx), Synpasin (Syn), CSP and Brp, Antibodies
otein expression was observed except for Brp. (B) Confocal images of
Nrx-1 and anti-Brp antibodies. The expression of Brp in Nrx-1D83 and
ssion of Brp w1118, Nrx-1D83 and Nrx-1D174 Mean ﬂuorescence intensity
= 8, 12), **: P < 0.001. In order to avoid of any discrepancy, the larval
cquired at the same condition, and anti-Nrx-1 antibodies were used to
2514 X. Zeng et al. / FEBS Letters 581 (2007) 2509–2516the synapse formation in Drosophila. In order to further test
this hypothesis, we performed electron micrograph of calyx re-
gion of adult brain (Fig. 5A). An electron-dense, pre-synaptic
ribbon with surrounding vesicles deﬁned each synapse. We
found that Nrx-1D83 and Neurexin-1 trans-heterozygous null
mutant Nrx-1D83/Df(3R)Exel6191 ﬂies (about 4 synapses per
11.4 lm2) have fewer synapse number than w1118 (about 8 syn-
apses per 11.4 lm2), and the synapse number of rescue ﬂies
Elav-Gal4/Y; UAS-neurexin; Nrx-1D83 is the same as w1118
(Fig. 5B–F). This experiment was repeated at three times and
we all got the same result. Binding of the neuroligin and neur-
exin complex can trigger pre-synaptic specializations in vitro
[6]. However, the a-neurexins triple knock-out mice indicate
that a-neurexins are not essential for synapse formation [7],
this maybe due to the functional redundancy of b-neurexin.
There is only one neurexin gene and one transcript in Drosoph-
ila, the synapse formation is disrupted in Drosophila when
Neurexin-1 is knocked out.
3.7. Neurexin-1 mutants exhibit associative learning defect in
Drosophila larvae
Drosophila larvae have a nervous system that has ten to a
hundred times fewer cells than that of adult ﬂies. Despite this
simplicity, Drosophila larvae can learn well, with both associa-
tions between visual stimuli and gustatory [19] and associa-
tions between odors and gustatory reinforcement [13]. Thus,
the Drosophila larva can be used for a multilevel approach to
understand associative plasticity.
In order to determine whether neurexin might have a role in
associative learning in Drosophila, we ﬁrst tested w1118,Fig. 5. Neurexin-1 is required for synapse formation in adult central nervous
Quadrangle represents the plane of section through the calyx region, wher
(40000·) w1118 ﬂies (B), Nrx-1 null mutant Nrx-1D83 (C), complementary ﬂ
(D). Arrows: Synapse, M: Mitochondrial. The scale bar represents 0.5 lm. (F
synapses in calyx region than wild-type and rescue ﬂies. Mean number of syn
1D83, trans-heterozygousNrx-1 null mutant ﬂies Nrx-1D83/Df(3R)Exel6191 an
pre-synaptic ribbon with surrounding vesicles deﬁned each synapse. The mea
rescue ﬂies, and about 4 synapses per 11.4 lm2 of calyx region in Nrx-1D83
statistical diﬀerences with Student’s t test, n = 62, 76, 70 and 69, respectivelyP{XP}Nrx-1and Nrx-1D83 larvae for their ability to associate
odors with a fructose reward in individual-animal assay. Com-
paring to w1118 larvae, the learning is reduced in Neurexin-1
hypomorphic mutants P{XP}Nrx-1 (P < 0.01 with Mann–
Whitney U-test, n = 56 and 48) (Fig. 6A), and more severely re-
duced in Neurexin-1 null mutant Nrx-1D83 (P < 0.001 with
Mann–Whitney U-test, n = 56 and 56) (Fig. 6A). Comparing
to w1118 larvae, normalcy is restored (P > 0.05 with Mann–
Whitney U-test, n = 56 and 48) when Elav-Gal4 and UAS-
Nrx-1 are used in Nrx-1D83 (Fig. 6A), which drive Neurexin-
1 expressed in whole nervous system in mutant (Fig. 3T).
Unexpectedly, mushroom body speciﬁc expressed Neurexin-1
in Nrx-1D83 using 201Y-Gal4 (Fig. 3U) fail to rescue the learn-
ing defect of Nrx-1D83 (data not show), which indicate that the
function of Neurexin-1 in appetitive olfactory learning in Dro-
sophila larvae is not only limited in the olfactory associative
learning center, mushroom body. To rule out olfactory defects
in mutants, we tested naive animals for their responses to the
two odors (AM and OCT) and found no diﬀerence in olfactory
detection ability among the w1118, mutants and the rescue lar-
vae. They showed the same degree of attraction to both AM
and OCT (Fig. 6C and D). With regard to gustatory functions,
the naive animals all showed the same degree of preference for
fructose over pure agarose (Fig. 6B). Thus, Neuerxin-1 mu-
tants are likely impaired speciﬁcally in associating odors with
a reward.
Previous report has shown that the enhancer trap inserts
Elav-Gal4 had no negative eﬀect on learning performance of
adult wild-type ﬂies [20]. The eﬀect of UAS-Nrx-1 transgenic
allele and enhancer trap inserts Elav-Gal4 on mutant larvasystem. (A) Frontal view of the principal Drosophila brain structures.
e all electron micrographs were taken. (B–E) Electron micrograph of
iesNrx-1D83/def (D) and rescue ﬂies Elav-Gal4/Y;UAS-Nrx-1;Nrx-1D83
) Quantiﬁcation of synapse number. The Nrx-1 null mutants have fewer
apses counted in the calyx region of w1118 ﬂies, Nrx-1 null mutant Nrx-
d rescue ﬂies Elav-Gal4/Y; UAS-neurexin; Nrx-1D83. An electron-dense,
n number is about 8 synapses per 11.4 lm2 of calyx region in w1118 and
and Nrx-1D83/def. Data represent mean ± S.D., **: P < 0.001, NS: No
, three heads for each genotype.
Fig. 6. Neurexin-1 is required for associative learning in Drosophila larvae (A) Comparing to the w1118 Drosophila larvae (n = 56), the Neurexin-1
hypomorphic mutants larvae P{XP}Nrx-1 (n = 48) have lower LI value (P < 0.01), and the null mutants Nrx-1D83 (n = 56) have more severe learning
defect (P < 0.001). The learning defect can be rescued by inducing expression of a wild-type Neurexin-1 transgene in null mutant ﬂies using Elav-Gal4
(n = 48), which is expressed in whole nervous system (P > 0.05). However, learning defect in UAS-Nrx-1/UAS-Nrx-1; Nrx-1D83 (n = 40) and Elav-
Gal4/Elav-Gal4 (+); Nrx-1D83 (n = 56) is signiﬁcant compared to w1118 (n = 56) (both P < 0.001), and there is no learning diﬀerence among Nrx-1D83,
UAS-Nrx-1/UAS-Nrx-1; Nrx-1D83 and Elav-Gal4/Elav-Gal4 (+); Nrx-1D83 (P = 0.725 with Kruskal–Wallis test, n = 56, 40 and 56). (B–D) Behavioral
controls in naive larvae: (B) There is no diﬀerence among the genotypes with respect to responses to the positive reinforcer fructose over pure agarose
(P = 0.644 with Kruskal–Wallis test; for each genotype: n = 40). (C) Olfactory detection ability in odor AM versus no-odor setup is not diﬀerent
among genotypes (P = 0.737 with Kruskal–Wallis test; for each genotype: n = 40). (D) Olfactory detection ability in odor OCT versus no-odor setup
is not diﬀerent among genotypes (P = 0.685 with Kruskal–Wallis test; for each genotype: n = 40). Thus, the learning impairment in Nrx-1D83 mutant
is not due to defect in detecting the to-be-learned stimuli. *: P < 0.01; **: P < 0.001; NS: Not Signiﬁcant. Box plots represent the median as the middle
line, 25% and 75% quantiles as box boundaries, as well as 10% and 90% quantiles as whiskers, respectively.
X. Zeng et al. / FEBS Letters 581 (2007) 2509–2516 2515learning performance were tested here, we found that associa-
tive learning ability among UAS-Nrx-1/UAS-Nrx-1;Nrx-1D83,
Elav-Gal4/Elav-Gal4(+); +/+; Nrx-1D83 and Nrx-1D83 null mu-
tant larvae are equal (P = 0.725 with Kruskal–Wallis test,
n = 40, 56 and 56), and they all have poorer learning perfor-
mance than w1118 (all P < 0.001;between-group comparisons
with w1118 were made with Mann–Whitney U-test); However,
the diﬀerence of associative learning ability between Elav-
Gal4 rescue larvae (Elav-Gal4/+; UAS-Nrx-1/+; Nrx-1D83)
and w1118 is not signiﬁcant (P > 0.05 with Mann–Whitney U-
test, n = 48 and 56). Hence, it is the speciﬁc interaction of
the Elav-Gal4 enhancer trap element with the UAS-Nrx-1
eﬀector that can rescue the memory defect in Nrx-1D83 mutant
larvae (Fig. 6A).
In addition, in order to further rule out that handling, expo-
sure to odors and exposure to reinforcers may render mutants
unresponsive to odors and feign a ‘‘learning’’ phenotype, we
tested whether mutants are still able to detect and respond tothe odors after either of two sham training treatments. We
found that responses to either odor are equal among genotypes
after both sham training with odor exposure (for AM re-
sponses: P = 0.995 with Kruskal–Wallis test, for each geno-
type: n = 40, Supplementary Fig. 2A; For OCT responses:
P = 0.658 with Kruskal–Wallis test, for each genotype:
n = 40, Supplementary Fig. 2B) and after sham training with
reward exposure (for AM responses: P = 0.934 with Krus-
kal–Wallis test, for each genotype: n = 40, Supplementary
Fig. 2C; For OCT responses: P = 0.940 with Kruskal–Wallis
test, for each genotype: n = 32, Supplementary Fig. 2D).
It is likely that Neurexin-1 may aﬀect associative learning
through regulating synapse formation and synaptic function
in Drosophila larvae. The mutation of neurexin trans-synaptic
binding partner, neuroligin, is implicated in autism and mental
retardation [8,9], similarly, mutations of the b-neurexin-1 gene
may contribute to autism susceptibility [10]. The function of
Neurexin-1 in synapse formation and behavioral plasticity in
2516 X. Zeng et al. / FEBS Letters 581 (2007) 2509–2516Drosophila addressed here may help analyze the mechanisms of
neuroligin and neurexin in autism and mental retardation.
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